Genetic Analysis
Twelve calves from 8 herds were available for study (Table I ). With the exception of herds V and VII, information on pedigrees of affected calves and other breeding data was either too fragmentary for consideration or was completely withheld. Multiple cases occurred in all herds, with the possible exception of 111. Polled Hereford breeding was established for herds I, 111, V, and VII. The breeding of both polled and horned Herefords was the practice in the remaining herds, or was undetermined. Affected animals were of both sexes.
The owner of herd V provided pedigrees of 6 affected calves from which we constructed a coded pedigree-network ( Fig. 1 ). He also provided the pedigrees of 2newborn calves that were found dead. We shall refer to the latter as undiagnosedcases. Significantly, the pedigrees of all calves traced on both maternal and paternal sides to the same bull, a registered polled Hereford bull coded 'W' in Fig. 1 .
Two of the sires of affected calves in herd V were related as father and son. These 2 bulls are coded 'X' (the sire) and 'Y' (the son). Bull Y sired 7 offspring in matings to his paternal sibs. One of the 7 offspring, coded 'B' in Fig. 1 , was affected. Another, not shown in the figure, was found dead shortly after being born. Bull X sired 1 affected calf (coded 'D' in Fig. 1 ) when bred to one of his daughters and another (coded 'E') when bred to a cow of the same blood line. A third bull (coded YZ') sired 28 calves in matings to daughters of bull X. Three of those 28 calves ('A', 'C', and 'F' in Fig. 1 ) were affected and 2 were found dead. None of these 3 bulls ('X', 'Y', and '2') sired affected calves when mated to commercial (unregistered) cows. In that connection, the owner stated that bull X had sired over 100 calves when bred to commercial cows.
On the basis of this information, the owner of herd V was advised that the lethal syndrome is very likely conditioned by a single, recessive, autosomal gene and that 3 of his bulls ('X', 'Y', and '2') and 5 of his cows ( Fig. 1 ) are proven carriers of that gene which, presumably, was derived largely if not wholly from bull W.
The owner of herd VII provided the pedigree of his young bull which sired affected calves 9, 10, and 11 (Table I ). This pedigree, like those of the 6 affected offspring in Fig. 1 , traced on both sides to bull W. Another bull in herd VII, which the owner referred to as the old bull, sired 2 affected offspring among 4 when accidentally mated to his own daughters. The young bull sired 4 affected calves amQng 16 when mated to daughters of the old bull.
Combining the aforementioned mating data in herds V and VII, there was a total of 58 offspring from matings of carrier bulls to the daughters of carrier bulls. Of those 58 offspring, 45 were unaffected, 10 were affected, and 3 were found dead. Ignoring the latter, this leaves 45 unaffected and 10 affected calves. Assuming that the dams of the daughters of the carrier bulls were all non-carriers (a highly unlikely prospect, as indicated in Fig. l ), one would expect 48 normal and 7 affected calves, which approaches the observed 45 and 10. On the more plausible assumption that some of the dams of the daughters of the carrier bulls were also carriers, the expected ratio of normal to carrier calves would be closer to 6:1, or even 5:1, than 7:l. Mr. C.D. SCOTT prepared chromosome squashes from a culture of the bone marrow of calf 9. The normal 2n complement of 60 chromosomes was observed and there was no evidence for gross abnormality. This, however, does not exclude the possibility that the postulated recessive gene be actually represented by a deletion. If so, genetic expectations would be precisely the same.
Clinical History
All 12 calves showed remarkably uniform neurologic signs. All were affected on the first day of life. They were well developed and of normal size, with no enlargement of the head. None was able to rise, and many could not lift the head. Most lay quietly without struggling, A sudden touch, or sometimes a loud noise, elicited a vigorous extension of the legs and neck. While usually tonic, some clonic contractions were observed. When placed in a standing position, the spastic response to handling brought the legs toward the midline and the animal fell unless supported. Contractions lasted a minute or two, and could readily be made to reappear. The flexor withdrawal reflex was intact but diminished. Phonation was reduced. Nystagmus was not observed, and evidence of blindness could not be established. The sucking reflex was normal, although nursing was often interrupted by general spasms. None of the herds reported any unusual incidence of abortions or of parturitional problems. Calves 3 and 4 died of intercurrent pneumonia and enteritis on the ninth and tenth days, calf 12 on the twenty-third day. All other calves were killed at 1 to 6 days of age for pathologic study. Except for lesions of pneumonia and enteritis, the only gross or microscopic non-neural lesions found were fractures of both femurs through the proximal epiphyseal plate in calf 12, presumably the consequence of muscle spasms.
Materials and Methods
Complete necropsies were performed on 9 calves. From calves 2, 5, and 7, only the brain and rostra1 cervical cord were submitted. The neuraxes were fixed by immersion in neutral 10% formalin and blocks were embedded in paraffin. The hematoxylin-eosin and luxol fast blue-periodic acid-Schiff-hematoxylin methods were used for routine study. Selected sections were stained with cresyl violet, Weil myelin, oil red 0 (frozen), or Bodian axonal methods.
Control material consisted of the neuraxes of 2 freshly killed normal calves aged 1 and 3 days. These were processed in the same manner as the affected calves.
Nature of the Lesions
Macroscopically many of the brains appeared normal. More severely affected brains had obvious swelling with flattened gyri and narrowed sulci. None of the lesions was frankly gelatinous or malacic, although, even in fixed specimens, occasional areas had a translucent, moist appearance.
Microscopically the brains were readily classified into 3 groups based on the severity of the process. Lesions were very marlred and widespread in calves of herds I and V, of intermediate extent and intensity in herds I1 and 111, and limited in the remaining calves. Neurologic signs, however, were equally marked in all groups.
In affected areas the striking microscopic abnormality was the spongy vacuolar appearance of the nervous tissue. This was due to the presence of many rounded or lenticular empty spaces occurring singly or in rows which ranged from 75 to 200,~ in greatest dimension. These were usually disposed along the long axis of small bundles of myelinated fibers. Thin layers of myelin outlined the spaces and axons occasionally appeared to traverse them. Adjacent structures were pushed aside or compressed between vacuoles. The contents of the vacuoles could not be stained by any of the methods used. Compared to normal material, there was surprisingly little actual reduction in the total amount of myelin, although the numerous vacuoles often gave the superficial impression of decreased myelin staining. Such deficiency as there was in the most severely affected areas was not accompanied by lipid-filled phagocytes. Axons appeared normal except for occasional fusiform swellings. Neurons and glial nuclei were well preserved and present in normal numbers. Alzheimer type I1 glial nuclei could not be identified.
Topography of the Lesions
Vacuolation was widespread and characteristically more frequent in certain areas. This localization was related to the terminal portions of myelinated fiber bundles, including gray substance with an abundance of more heavily myelinated fibers. Larger, longer, and more compact bundles of passage and gray masses with few myelinated fibers were generally spared. Specific pathways were not affected on a systemic basis. Sites of predilection were best identified in the severe cases, which will be described in detail followed by comparative remarks on the intermediate and mild cases.
In the spinal cord, many vacuoles were associated with myelinated fibers traversing the gray substance. The substantia gelatinosa was spared except for involvement of the perforating dorsal rootlets (Fig. 2 ). Lateral and ventral white columns were unaffected, and only a few vacuoles were found in the dorsal columns adjacent to the dorsal horns. The central glia-containing rootlets of craniospinal nerves were often affected, but distal portions beyond this point were unaffected, as were the ganglia.
In medulla, pons, and midbrain, the reticular formation was severely vacuolated, especially in its lateral and ventral portions ( Fig. 3) . This was the site of greatest damage in all brains.There were many vacuoles also in and about the inferior olive ( Fig. 4) , cuneate and gracile nuclei, pontine nuclei, and nucleus of the spinal tract of the trigeminal. The colliculi, periaqueductal gray, and hypoglossal and dorsal vagal nuclei were only meagerly involved. Larger tracts, such as the pontocerebellar, spinocerebellar, brachium conjunctivum, corticospinal, and spinal tract of the trigeminal, were also little affected. Interestingly, the commissure of the inferior colliculi was unaffected in mid-course, but had vacuoles among its fibers at either end ( Fig. 5 ).
Cerebellar vacuolation was most prominent about the central nuclei, although there was also frequent involvement of foliar white substance. The gathered bundles of the peduncles were little affected. The lamina dissecans of the cortex was often vacuolated and some vacuoles were observed in the granular layer. None was found in the molecular layer.
At the thalamic level, vacuoles were frequent in and about the nuclear masses and associated small fiber bundles, but were uncommon in the cerebral peduncles, optic tracts, or thalamic radiations. In the area of the basal ganglia, many vacuoles appeared in and about the globus pallidus, putamen, septum, and the fiber layer overlying the olfactory tubercle. Vacuolation was especially marked in bundles passing through the medial border of the internal capsule ( Fig. 6 ). The caudate nucleus, corpus callosum, and anterior commissure were generally spared. The lateral olfactory tract was variably affected.
Involvement of the cerebral hemispheres was chiefly along the junction of cortex and subcortical white substance, vacuoles appearing in the deepest part of the cortex and in the subjacent white substance. Myelinated tracts near the ventricles were unaffected.
The lesions of intermediate severity in the calves of herds I1 and I11 were found in many of the same sites, but were best developed and most frequent in cerebellum, brain stem, and cerebral subcortex. While identical in site and nature, their extent and degree were distinctly less than in the severe cases. The limited lesions of the mild cases from the other herds were often difficult to evaluate and required close reference to control material since the brains of very young calves are deceptively loosetextured. However, in all cases it was possible to identify small but typical vacuolated lesions in the characteristic sites, chiefly in the cerebellum and brain stem.
Discussion
The demonstrable lesions were regarded as being primarily edematous, and perhaps involving both glial cells and myelin interlamellar spaces. There was little deficiency of myelin and no myelinic debris, possibly because of the short postnatal course. This may also account for the absence of Alaheimer type I1 astrocytes. Neither the severity of signs nor the extent of the edema correlated with the postnatal duration of the condition.
From the meagerness of lesions in some calves, it would appear that the neurologic signs, which were equally marked in all, are referrable to disturbances of cellular metabolism that may occur before the edema is well developed. It is also evident that the mother must somehow protect the fetus, since, in spite of such violent and easily induced postnatal spasms, there was no disturbance of gestation or parturition.
We believe that the family data presented here be adequate to establish the existence in registered polled Hereford cattle of a hitherto uncataloged recessive lethal gene. Although the pedigree-network ( Fig. 1 ) indicates that this gene in the present population of polled Herefords may derive largely if not wholly from the registered bull coded as bull W, it seems likely that it would trace beyond bull W into the horned Hereford breed from which the polled breed is derived. If so, it seems probable that this gene in horned Herefords has never attained a frequency as high as that in the particular line or lines of polled Herefords involved in this study. We assume that a recessive lethal gene in cattle must reach a frequency of 0.20 or higher in any herd or line before the lethal trait which it conditions is called to the attention of geneticists and pathologists. Obviously, at frequencies greater than 0.20 the calf loss becomes alarming.
Elsewhere in this report the variability in expressivity of this lethal gene has been noted. It is presumed that such variability may be attributable in part or in whole to the genetic background (genome) in which this recessive operates. There could be a number of modifying genes some of which increase the intensity of the lesions and others which reduce their intensity. Indeed, it is not improbable that certain calves homozygous for the lethal gene might survive and reproduce if endowed with an appropriate set of modifiers.
The identity of signs and lesions suggests that all of the cases reported here are indeed of the simple autosomal recessive pattern demonstrated in 2 herds.
Neurologic signs very similar to those in our calves have been described in Hereford calves by HIGH et al.11 and by ICE. GREGORY et al.9, but the former workers found only calcified neurons and vessels in cerebellum and brain stem, while the latter reported no neural lesion. Both groups considered the condition to be of a simple autosomal recessive pattern.
HULLANDIS has described in 2 calves (a purebred Hereford and a grade Shorthorn) a sponge-like porosity of the cerebellar white substance which heregardedas amyelinaplasia. Other clinical cases hadoccurred in both herds and a study of breeding records suggested a recessive genetic pattern.
The Jersey calves described by P.W. GREGORY et al. 10 and by SAUNDERS et al. 25 , showed a different symptomatology, characterized by repetitive head movements, ataxia, and falling. A few were unable to rise. No neuropathologic examination was made of the first group of calves, but SAUNDERS et al. 25 observed an edematous spongy feltwork occupying much of the white substance of cerebellum and stem. With the myelin deficiency and the absence of lipophages and gliosis, they described the condition as hypoplastic. A recessive autosomal genetic pattern was postulated in both groups of calves. We have studied a similar case in a Jersey calf, and, while the lesions resembled those seen in Herefords, we believe this to be a distinct, but possibly analogous, entity. The lesions, while very severe, were restricted to brain stem and cerebellum.
YOUNG~O has described as congenital hypomyelinogenesis in crossbred Angus-Shorthorn calves a vacuolation of white substance and myelin deficiency that was most severe in cerebellum and brain stem. The cerebellar brachia were least affected and cranial nerves were normal. The cerebral subcortex and spinal cord had a mild deficiency of myelin. Myelinic debris could not be demonstrated. These calves were unable to stand, had persistent tremors, and developed spastic regidity upon stimulation. Both sires and dams were crossbred.
The hereditary ataxia of rabbits described by O'LEARY et a1. 219 22 had vacuolar lesions in cerebellum and brain stem, with the earliest vacuolation appearing in the neuropil associated with terminal arborizations of axons. Fluid accumulated both in astrocytes and between myelin lamellae.
In the rabbits, which experienced a much longer course of disease than our calves, there was breakdown of intervening neural tissue with lipophages and occasional cavitation. Intravenous trypan blue failed to stain the brain tissue.
The calf disease resembles in many ways spongy degeneration of the van Bogaert-Bertrand type in human infants4y 59 249 31. In these a familial incidence is frequent and a recessive mode of transmission has been suggested. Signs most commonly appear at an age of several months, but congenital cases are known. An initial hypotonia is typically followed in a few months by spasticity, often leading to decorticate rigidity. Convulsions also occur. Enlargement of the cranium and atrophy of the optic nerve are frequent. The lesions are characterized by a spongy vacuolation of the white substance, paucity of both myelin and myelinic breakdown products, and the presence of Alzheimer type I1 astrocytes. Cerebellum, brain stem, and cerebral subcortex are most severely affected, although lesions are often more widespread. Peripheral nerves are not affected, but retinal lesions are seen. Larger, more compact fiber bundles are frequently spared. In acute cases24, myelin was normal in amounts although vacuolation was marked, while cases of greater duration had progressive loss of myelinl> 4. Electron microscopic studies2.24 showed fluid accumulation in clear glial cells and between myelin lamellae along intraperiod lines. KAMASHITA et al.14 have reviewed the evidence indicating that this is a primarily edematous condition with secondary demyelination.
Another human disease with some similarities to the calf condition is 'maple sugar urine disease' or branched-chain ketoaciduria of infants209 26. Brain edema, sponginess of the white substance, deficiency of myelin, and astrocytic hypertrophy characterize the lesions. Hypertonia, rigidity, opisthotonus, and convulsions have been seen as neurologic signs. A familial incidence is also reported in this disease.
The neural lesions of human phenyllretonurialg suggest that it too may belong with these familial neuraxial edemas, since the entity is characterized by early vacuolar lesions of white substance followed by secondary loss of myelin.
Besides these genetic or possibly genetic conditions, there are 3 toxicoses which have some similarity to the calf disease. Triethyltin poisoning, first studied in rats by MAGEE et al. 17 , produced widespread edema and vacuolation of central white substance, but no involvement of peripheral nerves. Axons and myelin were not appreciably diminished, and lipophages were absent. Intravenous trypan blue produced no abnormal staining. Electron microscope studies in various species3.12>29 indicated that edema fluid accumulated in clear glial cells and in the intraperiod region between myelin lamellae. TO RACK^^ has presented evidence for triethyltin inhibition of a membrane-bound, glutaraldehyde-resistant adenosine triphosphatase.
Isonicotinic acid hydrazide poisoning has been reported to cause spongy degeneration of the white substance. In dogs23 the cerebral subcortex was chiefly affected, in ducklings6 the cerebellum. Peripheral nerves were not affected. Tremors of the head and neck and ataxia were seen in the ducklings. Edematous fluid accumulated largely in or beneath myelin sheaths, rather than in astrocytes. Deficiency of myelin with accompanying lipophages correlated in extent with the degree and duration of sponginess. Swollen astrocytes suggestive of Alzheimer type I1 cells were observed. Trypan blue and thorotrast did not leak from vessels.
Cuprizone (biscyclohexanone oxalyldihydrazone) poisoning in mice has produced status spoiigiosus of the white substance, especially in the cerebellum and brain stem27. Fluid accumulated both in glial cells and between myelin lamellae. There was limited loss of myelin and AIzheimer type I1 cells were present. Trypan blue did not escape in affected areas. Both isonicotinic acid hydrazide and cuprisone inhibit amine oxidases.
The calf disease reported here and the other entities discussed would appear to qualify, where the evidence is available, for the group of edematous neuraxial conditions defined by I<LATZ0l5 as cytotoxic in nature. Their pathogenesis may depend upon missing or defective enzymes (genetic types) or upon inhibited enzymes (toxic types). This is not to imply that the same enzymic defect be common to all. We suggest that the group might be more appropriately designated 'gliogenic' .
Vacuolation of the white substance appears to be the result, _ _ where electron microscopic examination has been made, of accumulation of fluid in glial cells and between myelin lamellae. The suggestion of FEIGIN et al.7, that vacuolation reflect agonal carbon dioxide pro-duction from glycogen reservoirs is intriguing, but unconfirmed. The absence of dye leakage, where tested, suggests that this not be the vasogenic type of edema of KLATZO'S classification.
Extensive vacuolation can occur in a short time and without loss of myelin. The subsequent demyelination appears to be secondary to the persistent edema as a late event. The appearance of Alzheimer type I1 astrocytes also probably reflect prolonged duration of the edema. Since vacuolation is not observed in normal fetal brain tissuebeforemyelination or in hypomyelinogenesissl19, it seems unlikely that any myelin deficiency observed be due to hypoplasia of myelin.
We do not know why the terminal portions of myelinated tracts are chiefly affected and long compact bundles are usually spared. Peripheral nerves remain uniformly unaffected. Neuron cell bodies and usually axons show little or no injury.
While there are variations in time of onset, neurologic signs, and sites of predilection, the group as a whole have significant parallelisms. Their overlapping patterns may well reflect differences in metabolic routes leading to the ultimate common appearance of edema of the white substance, the latter being a secondary event.
Twelve newborn Hereford calves from 8 herds showed extensor spasms upon stimulation and inability to rise. Neuraxial lesions consisted of widespread vacuolation interpreted as edema and seen chiefly in terminal portions of myelinated bundles and in gray substance containing heavily myelinated fibers. Genetic analysis of 2 of these herds indicated an autosomal recessive pattern of transmission tracing back to a single bull. The identity of the disease in all herds suggested that it had the same hereditary basis in all of them.
Zzlsdminenfassung
Zwolf neugeborene Hereford Kalber aus 8 Bestanden zeigten nach Stimulierung Spasmen der Streckmuskeln und Unfihigkeit aufzustehen. Veranderungen im Zentralnervensystem bestanden in ausgedehnter Vakuolisierung, die als Odem angesehen wurde und vor allem in den terminalen Abschnitten der Myelinfaserbiindel und in der stark Myelinfaser-haltigen grauen Substanz zu erkennen war. Die genetische Analyse ergab bei zwei von diesen Bestanden ein autosomales rezessives Ubertragungsmuster, das sich zu einem einzigen Bullen zuriick verfolgen liess. Die Ubereinstimmung der Erkrankung in allen Bestanden fiihrt zu der Annahme, dass bei allen die gleiche erbliche Basis vorlag.
